Introduction
It is well established that Pd metal catalysts, being much less prone to CO poisoning and related deactivation, perform better than Pt catalysts in formic acid oxidation (FAO). [1] [2] [3] Combining Pd with a second noble metal component (such as Au, 4 Pt 5 and Ru, 6 etc.) is an effective way to enhance FAO activity, but the cost of such noble metal combinations still remains high. Consequently, Pd alloying with far cheaper non-noble metals (such as Fe, 7 Co, 8 Ni, 9-11 Cu, 12,13 and Sn 14-16 ) has generated obvious interest, with steady improvements in catalytic activity and tolerance to CO poisoning being made through ongoing research.
Yet another promising route to enhance Pd catalyst activity is through the addition of transition metal oxides either as a component of the catalyst or as a support. [17] [18] [19] For example, both the catalytic FAO activity and CO tolerance of Pd/C catalysts have been enhanced through addition of MoO x , which is attributed to the hydrogen spillover effect on MoO x . 20,21 Similarly, SnO 2 as a support for the Pd catalyst has shown improved activity, 22 as has SnO 2 dispersed in polyindole which has reportedly good CO tolerance during FAO and follows a direct pathway to convert it into CO 2 . 23 2 In addition, other composite structures, where the alloy and metal oxide are in close proximity, such as the composite of RuO ·xH O with the PtRu alloy, have been reported to improve methanol oxidation activity in direct methanol fuel cells. Huang et al. reported enhanced PtRu/C catalyst activity by oxidation treatments resulting in the formation of intimate contact between RuO 2 crystalline phases and the PtRu alloy, 24,25 a phenomenon that has also been demonstrated elsewhere. 26 To further understand the relationship between the RuO x and catalytic activity, Shyam et al. investigated the effect of RuO x island size on the activity of the PtRu/C catalyst, and found that larger Ru islands were less susceptible to dissolution, induced a larger ligand effect, and were ultimately much more stable. 27 Given these observations, the effect of other metal oxides in such roles begs the need for similar thorough investigation.
In the present study, the effect of SnO 2 on PdSn activity in FAO was investigated. PdSnSnO 2 and PdSn-SnO 2 -island nano-particles supported on carbon were prepared by polyhydric alcohol reduction with different stabilizers. We report for the first time preparation of a hetero-structure, SnO 2 island, in intimate contact with PdSn nanoparticles, using a one-pot method. It was found that the degree of interfacial contact between PdSn and SnO 2 influences FOA catalytic performance, and that SnO 2 islands have a strong enhancing effect on catalyst activity.
Experimental procedures 2.1. Catalyst preparation
To prepare PdSn-SnO 2 supported on carbon (PdSn-SnO 2 /C), 15.6 mg of PdCl 2 and 46.2 mg of SnCl 4 ·5H 2 O were dissolved in 30 mL of EG in a 100 mL flask, followed by the addition of 288.2 mg of sodium citrate (stabilizer) with stirring for 0.5 h. Then, 100 mg of pretreated carbon black (Vulcan XC-72R) was added with pH adjusted to 10 by the drop-wise addition of a 5 wt% KOH-EG solution with vigorous stirring. The mixture was maintained at 160 1C for 8 h and the product collected by filtration, then washed four times with deionized water and finally dried in air at 60 1C for 5 h. To prepare PdSn-SnO 2 -islands supported on carbon (PdSn-SnO 2 -island/C), the above procedure and materials were used but with replacement of sodium citrate by 401.8 mg of ethylene diamine tetra-acetic acid (EDTA).
For a comparison, PdSn supported on carbon (PdSn/C), Pd/C and SnO 2 /C catalysts were also prepared. Pd/C is the same as the method used in the previous work 28 and the preparation of SnO 2 /C is the same as the procedure used by Wang et al. 29
Characterization
Particle size and morphology of the catalysts were analyzed by transmission electron microscopy (TEM) using a JEM-2010 microscope. X-ray diffraction (XRD) patterns of the catalysts were characterized on a Shimadzu XD-3A (Japan) goniometer, using Cu Ka radiation operated at 40 kV and 35 mA at room temperature. X-ray photoelectron spectroscopy (XPS) was carried out on a PHI-5702 multifunctional X-ray photoelectron spectrometer (American). The average chemical compositions of the catalysts were determined using an IRIS advantage inductively coupled plasma atomic emission spectroscopy (ICP-AES) system (Thermo, America).
Electrochemical tests were carried out on a CHI650D electro-chemical workstation. A conventional three-electrode cell was used, comprising a Ag/AgCl (3 mol L -1 KCl) reference electrode, a platinum wire counter electrode, and a modified glass carbon working electrode (5 mm in diameter). Before each measure-ment, the solution was saturated with N 2 gas. The catalyst ink was produced by mixing 5 mg of the catalyst ultrasonically in 1 mL Nafion-ethanol (0.25% Nafion). Catalyst layer preparations on the glassy carbon working electrode were made using 8 mL suspensions that were then dried in air. All measurements were made at ambient temperature.
Results and discussion
The XRD pattern of the PdSn-SnO 2 /C catalyst prepared using sodium citrate as the stabilizer is shown in Fig. 1a . The diffraction peak at ca. 251 is associated with the (0 0 2) reflection of the hexagonal structure of Vulcan XC-72 carbon. The typical character of a crystalline Pd face-centered cubic (fcc) phase is confirmation of the (1 1 1), (2 0 0), (2 2 0), and ( 3 1 The TEM image of PdSn-SnO 2 /C (Fig. 1b) shows strip shaped catalyst nanoparticles homogeneously dispersed on the surface of carbon. The lengths of the strips range between 3 and 12 nm, with a width of ca. 3 nm. The fine structure of the strips was further characterized through high resolution transmission electron microscopy (HRTEM), as shown in Fig. 1c . We could not observe the grain boundaries in the strip. These results indicate that SnO 2 coexists with PdSn, which may be due to the crystal grains of SnO 2 being too small to be observed. From the above results, we can conclude that the composite structure of the PdSnSnO 2 /C catalyst with the strip morphology is formed and PdSn-SnO 2 is a PdSn alloy with phase-separated SnO 2 . The interface between PdSn and SnO 2 is not observed. The composition of the catalyst was determined by ICP-AES analysis, with a metal loading of 19.7 wt% and a Pd : Sn atomic ratio of 1 : 1.47.
The XRD pattern of the PdSn-SnO 2 -islands/C catalyst pre-pared using EDTA as the stabilizer is shown in Fig. 2a . The (0 0 2) reflection of carbon is observed at ca. 251 and the (1 1 1), (2 0 0 The TEM image of the as-prepared PdSn-SnO 2 -islands/C catalyst (see Fig. 2b ) shows highly uniform dispersion of parti-cles with irregular sphere shaped morphology. However, we found that the very small particles connect with the edges of large particles (see particles illustrated with a red circle). The fine structure of the particles was further characterized using HRTEM, Fig. 2c and d. For observation, we choose two kinds of the particles, one lying between carbon particles (Fig. 2c) , and the other located on the edge of carbon particles (see Fig. 2d ). In Fig. 2c and d, the interfaces between PdSn and SnO 2 can be clearly seen, which indicates a hetero-structure, comprising SnO 2 islands in intimate contact with PdSn nanoparticles. It should be noted that the size of the SnO 2 islands is not uniform. Catalyst composition by ICP-AES analysis shows the metal load-ing to be 19.5 wt% with a Pd : Sn atomic ratio of 1 : 1.46.
The XRD pattern and TEM image of the prepared PdSn/C catalyst are shown in Fig. 3 . The typical (1 1 1), (2 0 0), (2 2 0), and (3 1 1) reflections of fcc Pd can be seen in Fig. 3a , and the B0.251 positive shift confirms the formation of the PdSn alloy. Fig. 3b shows that the elliptical PdSn nanoparticles of 3-7 nm are uniformly dispersed on the surface of carbon black. The catalyst composition determined using ICP-AES analysis shows that the metal loading is 19.7 wt% with a Pd : Sn atomic ratio of 1 : 1.
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XPS was employed to investigate the nature of surface species for the PdSn-SnO 2 /C, PdSn-SnO 2 -island/C and PdSn/C catalysts. The Pd 3d photoelectron core-level spectra of PdSn-SnO 2 /C, PdSn-SnO 2 -island/C and PdSn/C catalysts are shown in Fig. 4 .
All of the spectra show two peaks corresponding to Pd 3d 5/2 and Pd 3d 3/2 , which are characteristic peaks of Pd metal. The binding energies (BEs) of all peaks are listed in Table   1 . Compared with the literature, 20-22 it is found that most of the Pd in the catalysts The relative atomic percentages of different Sn species, determined from the related peak areas, are illustrated in Fig. 6 . Due to the presence of the SnO 2 phase, the percentage of tin oxides in PdSn-SnO 2 /C and PdSn-SnO 2 -islands/C cata-lysts is much higher than that in the PdSn/C catalyst and the percentage of Sn(II) species for the PdSn-SnO 2 -islands/C catalyst is obviously higher than the PdSn-SnO 2 /C catalyst. Based on the results calculated from the atom superposition and electron delocalization molecular orbital theory, Anderson et al. proposed that the Sn(II)/Sn(IV) redox couple is the main factor for the generation of (OH) ads , which can promote the oxidation of CO in the process of FAO.
Compared to PdSn/C, the offset of PdSn-SnO 2 -islands/C is ca. 0.3 eV, which is larger than that of PdSn-SnO 2 /C. The BE shifts depend on the extent of d-hybridization. dHybridization forms stronger bonds than the bonds between the metal atoms, which reduces the potential of the metal to form strong bonds with adsorbed reactants. In turn, this change of the adsorbing bond strength to a nanoparticle is a key factor for the reactivity. 36-38 Based on the above facts, the bonds with adsorbed reactants on PdSnSnO 2 -island nanoparticles would be weaker than PdSn-SnO 2 nanoparticles.
Sn 3d 5/2 XPS spectra of the three catalysts are shown in Fig. 5 . In order to better understand the contribution of different states of Sn atoms, XPS Sn 3d 5/2 peaks were deconvoluted The peak fitting analysis of Sn 3d 5/2 XPS data shows that there are three overlapped peaks; the one with the lowest BE corresponds to metallic Sn(0) (3d 5/2 = 485.3 ± 0.1 eV); the one with highest BE relates to fully oxidized Sn(IV) (3d 5/2 = 487. all three catalysts. The existence of three Sn species was also reported under other experimental conditions. 40,42 As shown in Fig. 5 , the Sn 3d 5/2 peaks for Sn(II) species clearly shift to higher BE and follow in the order: Pd/C Pd/C o PdSn/C o PdSn-SnO 2 /C o PdSn-SnO 2 -islands/C. Changes in the Sn(II) 3d core-level BEs suggest that electronic modification of the Sn(II)O species by interactions with the PdSn substrate are dependent on the component.
The relative atomic percentages of different Sn species, determined from the related peak areas, are illustrated in Fig. 6 . Due to the presence of the SnO 2 phase, the percentage of tin oxides in PdSn-SnO 2 /C and PdSn-SnO 2 -islands/C cata-lysts is much higher than that in the PdSn/C catalyst and the percentage of Sn(II) species for the PdSn-SnO 2 -islands/C catalyst is obviously higher than the PdSn-SnO 2 /C catalyst. Based on the results calculated from the atom superposition and electron delocalization molecular orbital theory, Anderson et al. proposed that the Sn(II)/Sn(IV) redox couple is the main factor for the generation of (OH) ads , which can promote the oxidation of CO in the process of FAO. 43,44 Thus, it is expected that the different percentages of tin oxides lead to different activities for these three catalysts. Fig. 7 that adsorbed CO has been oxidized completely in the first scan, and no CO oxidation is monitored during the second scan for the PdSn-SnO 2 /C, PdSn-SnO 2 -islands/C, PdSn/C and Pd/C catalysts. SnO 2 /C is not active for CO oxidation. The onset potentials of CO oxidation for the three catalysts follow in the order: PdSn-SnO 2 -islands/C o PdSnSnO 2 /C o PdSn/C o Pd/C. The CO oxidation at the lower potential is mainly asso-ciated with the weakly adsorbed CO. 45 The result indicates that the existence of SnO 2 species can decrease the CO adsorption strength on PdSn particles. In addition, the peak potential of PdSn-SnO 2 -islands/C has a more negative shift than that of PdSn-SnO 2 /C, suggesting that PdSn-SnO 2 -islands/C has better tolerance to CO than PdSn-SnO 2 /C.
Some reports have demonstrated that CO oxidation is improved by tin oxide via a bifunctional mechanism. 46,47 As discussed previously, the Sn(II)/Sn(IV) redox couple significantly affects the generation of OH ads , resulting in enhanced activity of the catalysts. rather than Sn(IV)O 2 , is responsible for surface CO oxidation. 39 The Sn(II)/ Sn(IV) ratios obtained from Fig. 6 are ca. 1.0 for PdSn-SnO 2 /C, ca. 1.3 for PdSn-SnO 2 -islands/C and ca. 0.9 for PdSn/C, which result in the different CO-tolerance of these three catalysts.
The CO stripping curve was also used to evaluate the electrochemical surface area (ECSA). 49 The ECSA of each catalyst is listed in Table 2 . The data indicate that the ECSA of PdSn-SnO 2 -islands/C is close to that of PdSn-SnO 2 /C, and their ECSAs are enhanced by a factor of ca. 1.5 and 1.9 compared with that of PdSn/C and Pd/C catalysts, respectively. Fig. 8a . It can be seen that SnO 2 /C is not active for FAO, while two main peaks of the formic acid oxidation in both positive and negative scans with similar shapes were observed for all the other catalysts. In Fig. 8a and b, the peak potentials of PdSn-SnO 2 /C, PdSn-SnO 2 /C and PdSn/C are 0.18, 0.27, 0.30 and 0.31 V respectively, and the current density at 0.2 V (see Table 2 ) increases in the order: Pd/C o PdSn/C o PdSn-SnO 2 /C o PdSn-SnO 2 -islands/C. The high current density and low peak potential suggest that the existence of SnO 2 can enhance the catalytic activity of the PdSn alloy in FAO. 50
Generally, the addition of SnO 2 to noble metals for use as electrocatalytic materials results in enhanced performance because SnO 2 may conveniently provide oxygen species to remove the CO-like species of oxidation residues, to free noble metal active sites. 51, 52 This implies that the formation of the three-phase interface between SnO 2 , H 2 O and noble metal is key for enhanced FAO. 53 Kang et al. demonstrated that the contact between Au and FeO x is the active region for CO oxidation, and that the activity is proportional to the amount of interfacial contact. 54 In the PdSn-SnO 2 -islands/C catalyst, SnO 2 islands are in intimate contact with PdSn nanoparticles, which results in a high amount of the active sites and further leads to enhanced CO oxidation and FAO catalytic activity. However, it should be noted that SnO 2 islands in intimate contact with PdSn nanoparticles could also occupy some active sites on the PdSn surface, so the particle size of SnO islands should have an effect on the http://repository.uwc.ac.za catalytic activity. Therefore, according to the results of Kang et al., further work is required to optimize the size of SnO 2 islands in the PdSn-SnO 2 system to maximize the catalytic activity in FAO.
Conclusions
We have successfully prepared, via two different chemical reduction routes, PdSn-SnO 2 /C nanoparticle catalysts with different degrees of interfacial contact. Using different stabilizers, the SnO 2 nanoparticles and hybrid PdSn-SnO 2 nanoparticles with different morphologies were obtained. PdSn-SnO 2 /C catalysts were found to have substantially higher CO tolerance and catalytic activity for formic acid oxidation than PdSn alloy catalysts, mainly due to the presence of SnO 2 . The different degrees of interfacial contact between PdSn and SnO 2 influenced the catalytic activity. These results may point to a new route for preparing novel hetero-structure electrocatalysts for fuel cells.
